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bstract

As shown in many animal experiments, cholinergic mechanisms participate in N-methyl-d-aspartate (NMDA) receptor-dependent neuroplasticity.
cetylcholine is thought to play a similar role in humans, where it modulates attention and learning. Here, we tested the cholinergic action on
on-associative learning in the tactile domain. We studied the influence of scopolamine, a cholinergic antagonist, on changes in tactile acuity
s induced by peripheral tactile coactivation. Coactivation is a non-associative tactile learning protocol and has been shown to improve tactile
wo-point discrimination of the stimulated finger in addition to selective changes of cortical processing. Under placebo conditions, tactile two-point
iscrimination was improved on the stimulated index finger. After application of scopolamine, tactile improvement was completely eliminated and

actile acuity was even impaired. No drug effects were found on the left index finger indicating that the drug had no effect on performance per
e. The current results provide further evidence that in humans cholinergic mechanisms are also involved in non-associative learning induced by
assive stimulation protocols.

2008 Elsevier Ireland Ltd. All rights reserved.
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nimal evidence suggests that the expression of cortical sensory
lasticity is gated by neuromodulators, particularly acetyl-
holine plays a crucial role (ACh) [16]. Central cholinergic
eurotransmission through muscarinic receptor activation con-
ributes to learning and memory formation and influences
ong-term potentiation (LTP) [3,4,11,17,20], most likely by
nhancing NMDA currents [11].

ACh from the basal forebrain has been demonstrated to serve
n important function in attention, arousal, learning and memory,
s well as the hypothesized neural substrates of these behavioural
henomena in a wide variety of experimental paradigms [10,17].
Please cite this article in press as: B. Bliem, et al., Cholinergic gating of im
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or example, in the auditory system, both learned behavioural
one discrimination and the suspected neural correlates of audi-
ory conditioning are similarly modulated by manipulations
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f the cholinergic system—disruption of normal cholinergic
ctivity impairs behavioural auditory conditioning and neural
lasticity, whereas enhancement of cholinergic activity facili-
ates behavioural learning and plasticity [10,26]. Consequently,
he intactness of the basal forebrain cholinergic system is a cru-
ial prerequisite for the expression of cortical map plasticity.
imilarly, the disruption of basal forebrain cholinergic function
as found to impair motor learning and inhibit cortical reor-
anization of motor maps [1]. In humans, the impairment of
he cholinergic system by application of scopolamine, an ACh
ntagonist, was shown to suppress experience-dependent plas-
icity adding support for the role of cholinergic modulation of
earning and memory [19,23].

To study cholinergic and thus neuromodulatory influences
n cortical plasticity and learning in the tactile domain evoked
y passive stimulation, we here applied a peripheral tactile
provement of tactile acuity induced by peripheral tactile stimulation,

oactivation protocol [21]. This protocol is based on task-
nrelated, passive and therefore unattended stimulation inducing
n improvement in tactile acuity that is paralleled by an enlarge-
ent and shift of cortical representations of stimulated skin sites

dx.doi.org/10.1016/j.neulet.2008.01.040
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6,7,13,14]. We assessed the effects of scopolamine premedi-
ation to modulate the typically observed stimulation-induced
mprovement of tactile discrimination performance.

We tested 13 right-handed subjects of both sexes (5 male, 8
emale, mean age 24.9 years, S.D. 4.2) in a randomized double
lind, cross-over design. The study was performed in accordance
ith the Declaration of Helsinki. The subjects gave their writ-

en consent, and the protocol was approved by the local ethical
ommittee of Ruhr-University Bochum. General exclusion cri-
eria were a history of neurological and psychiatric disorders,
hronic or acute disease and the intake of drugs affecting the
entral nervous system.

First, discrimination thresholds of the index fingers of both
ands were measured using the method of constant stimuli in a
imultaneous spatial two-point discrimination task as described
reviously to assess tactile acuity [6,7,13–15]. In this task seven
airs of needles with separation distances between 0.7 mm and
.5 mm were used. For controls and to assess false alarm rates,
ero distance was tested by using a single needle. Subjects were
nstructed that there were single needles for control, but not
ow often they were presented. The needles were placed on a
otable disc allowing to switch rapidly between distances. The
isc was installed on a plate that could be moved up and down.
he test finger came in contact with the needles whenever the
late was moved down. The subject had to decide immediately
fter touching the needles whether he or she had the sensation
f one or two tips. No feedback was given. Each distance was
ested eight times in a randomized order, resulting in 64 tri-
ls per session. To obtain stable discrimination thresholds four
essions were done before peripheral tactile stimulation. The
ummed responses were plotted against distance as a psycho-
etric function for absolute threshold and fitted by a binary

ogistic regression. Threshold was taken from the fit at the dis-
ance where 50% correct responses was reached. To provide a
irect test for a bias-free discrimination index, we assessed false
larm and hit rates and calculated the d′ prime values [27].

Secondly, transdermal patches containing either scopolamine
Scopoderm TTS®, Novartis) (1.5 mg) or placebo were placed
Please cite this article in press as: B. Bliem, et al., Cholinergic gating of im
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ehind the ear of each subject on different sessions separated
y at least 2 weeks. Approximately 3 h following placement of
ach patch, peripheral tactile stimulation was applied. At this
ime, plasma concentrations reach approximately 50 pg/ml, a

I
t
c
s

ig. 1. Experimental design: session 1–4 (s1–s4) served to create a stable discriminat
t s4 (pre-stimulation) and after stimulation (session s5, post). Transdermal patches c
o coactivation. (B) Application of tactile coactivation. A small solenoid with a diam
elds (RFs) representing the skin portion under the solenoid (50 mm2).
 PRESS
etters xxx (2008) xxx–xxx

hreshold value required for appropriate CSF levels and therefore
herapeutic effects such as prevention of motion sickness [12].

The protocol of peripheral tactile coactivation was the same as
n our previous studies aiming at coactivating a large number of
eceptive fields on the tip of the index finger in a Hebbian manner
o strengthen their mutual interconnectedness [8]. Stimulation
as applied to the tip of the right index finger. Tactile stimuli
ere drawn from a Poisson process at interstimulus-intervals
etween 100 ms to 3000 ms with a mean frequency of 1 Hz. To
pply stimulation, a small device consisting of a small solenoid
ith a diameter of 8 mm was used, which was taped to the right

ndex finger. Laser vibrometer measurements revealed that the
ctual amplitude of the probe movement was about 100 �m.
ulses were recorded in MP3 format and played back via a
ortable player allowing unlimited mobility of the subjects dur-
ng peripheral tactile stimulation. The duration of stimulation
as 3 h, while all subjects resumed their normal day’s work.
fter stimulation another session of two-point discrimination
as performed. In addition, the index finger contralateral to

timulation was tested before and after intervention in order to
xclude unspecific side effects of the drugs (for experimental
etup see also Fig. 1).

A brief standard questionnaire assessing drowsiness, pres-
nce of jitters, dryness of the mouth and/or eye, dizziness,
estlessness, and confusion was given to participants at the end
f the experiment to evaluate drug-related side. Subject had to
eport verbally whether after application of scopolamine they
xperienced any changes in the given parameters.

For statistical analysis, a repeated measures ANOVA
rmANOVA) with the factors DRUG (scopolamine, placebo) ×
ESSION (s1–s4, post) was performed.

Subjects tolerated the administration of scopolamine well.
nly one out of 13 participants experienced slight drowsiness

t the end of the experiment after application of scopolamine.
In this study we observed a drug-dependent change in

iscrimination thresholds as induced by peripheral tactile stim-
lation. The rmANOVA with the factors DRUG × SESSION
evealed a significant interaction (F(4,48) = 7.495, P < 0.001).
provement of tactile acuity induced by peripheral tactile stimulation,

n placebo-controlled subjects, discrimination thresholds prior
o peripheral tactile stimulation were stable (P > 0.05). Dis-
rimination thresholds after peripheral tactile stimulation were
ignificantly lower compared to thresholds in the baseline

ion performance for the right index finger (IF). The left IF was tested as control
ontaining either scopolamine or placebo were applied approximately 3 h prior
eter of 8 mm was mounted on the tip of the right IF to coactivate the receptive

dx.doi.org/10.1016/j.neulet.2008.01.040
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Fig. 2. Psychophysical effects of tactile coactivation. (A) Placebo group.
Discrimination thresholds were stable before intervention (s1–s4). After coac-
tivation, discrimination thresholds on the right IF were significantly reduced
(indicated by the asterisk, P < 0.05), whereas thresholds of the left IF remained
unaffected. (B) Scopolamine. Application of scopolamine completely elim-
inated the coactivation-induced improvement in two-point discrimination.
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iscrimination thresholds were significantly increased comparing pre and post
easurement (indicated by the asterisk, P < 0.05). No changes were observed

or the non-stimulated left IF. Bars represent standard error.

essions (P < 0.05). After peripheral tactile stimulation, psy-
hometric functions showed a significant shift of thresholds
oward smaller separation distances. Discrimination thresh-
lds decreased from 1.52 mm in the initial measurement (pre)
o 1.29 mm after stimulation (paired samples t-test P < 0.001)
Fig. 2). As a control, and to demonstrate the specificity of
timulation-induced changes, we measured thresholds of the
eft IF, which was not stimulated. Here thresholds remained
nchanged (rmANOVA with the factor SESSION pre–post,
(1,12) = 0.000, P = 0.994).

In contrast, application of scopolamine not only eliminated
timulation-induced improvement in tactile acuity but lead to an
mpairment of discrimination performance after coactivation.
bsolute thresholds significantly increased from 1.47 mm to
.60 mm (paired samples t-test pre–post P = 0.018). However,
actile discrimination thresholds after peripheral tactile stimu-
ation only differed between the post and the immediate pre

easurement (s5). With respect to discrimination thresholds, we
bserved no difference between the first three baseline sessions
nd the session after peripheral tactile stimulation (P > 0.05).

Given that this impairment was not due to non-specific side
Please cite this article in press as: B. Bliem, et al., Cholinergic gating of im
Neurosci. Lett. (2008), doi:10.1016/j.neulet.2008.01.040

ffects exerted by scopolamine it was important to show that
he drug did not affect spatial discrimination per se, which was
ndicated by the lack of changes of thresholds on the left, non-
timulated IF (F(1,12) = 0.002, P = 0.968).
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Further, false alarm rates were zero before intervention and
emained stable after stimulation for both experimental condi-
ions. We observed a significant DRUG × SESSION interaction
or the d′ prime value (F(1,11) = 10.395, P = 0.008). A paired
amples t test revealed a significant increase in d′ prime value
or the placebo group (P = 0.012). After application of scopo-
amine, there was a significant reduction in d′ prime value after
timulation (P = 0.038).

Our results indicate that in humans cholinergic mechanisms
lay an essential role in cortical plasticity evoked by passive
timulation protocols. We found that application of a cholinergic
ntagonist strongly affected the stimulation-induced improve-
ent in tactile acuity resulting in a blockage of non-associative

actile learning or even impairment in spatial tactile discrimina-
ion.

An important confound when investigating drug effects in
umans is sedation, which has been reported frequently after
rugs such as scopolamine. As shown consistently many times
efore, stimulation-induced improvement in discrimination per-
ormance is highly specific to the stimulated finger with no
ransfer to the fingers of the other hand [6,7,13–15]. We there-
ore used the performance of the index finger of the left hand
o measure the specificity of the observed drug effects. Scopo-
amine had no effect on spatial discrimination performance per
e, which together with the consistency of the effects across sub-
ects supports the specific nature of the drug influence observed
or the right index finger. Since scopolamine patch placement
esults in maximal plasma levels at about 24 h [12] and in our
tudy the patch was kept for a maximum of 7 h, the relative
aucity of side effects is not unexpected.

As previously shown, improvements in tactile acuity induced
y peripheral stimulation are blocked by NMDA receptor antag-
nists [2,13,14]. It has therefore been hypothesized that NMDA
eceptor activation plays an important role which points towards

possible involvement of long-term potentiation (LTP) and
ong-term depression (LTD). As shown consistently, cholinergic
ction successfully modulates LTP [3,4,11,17,20], most likely
y enhancing NMDA currents [11]. The current results suggest-
ng a block of LTP-like changes in tactile acuity by application
f a cholinergic antagonist in humans are therefore in line with
revious in vitro and in vivo experiments.

Further, Dinse and coworkers demonstrated that changes in
actile acuity as induced by peripheral tactile stimulation are par-
lleled by cortical map reorganization. In detail, improvement in
actile acuity was positively correlated with an enlargement of
ortical representations of the stimulated finger [2,13,14] sug-
esting a causal relation. On the other hand, lesions in the basal
orebrain cholinergic system are known to block cortical plastic-
ty including the robust topographic reorganizations that follow

otor skill learning, peripheral denervation and digit amputa-
ion [1,9,25]. Juliano et al. observed that total basal forebrain
esions not only blocked the expected expansion of remaining
ntact digits following digit amputation in the cat forelimb, but
provement of tactile acuity induced by peripheral tactile stimulation,

lso even led to a shrinkage of the sensory representations. Their
esults indicate that the basal forebrain cholinergic system might
e instrumental to maintain normal representations within the
ortex [9].

dx.doi.org/10.1016/j.neulet.2008.01.040
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The observation that perceptual improvement could be
btained using a passively applied unattended stimulation pro-
ocol is in line with recent studies in the visual system. For
xample, perceptual learning was induced by repetitive expo-
ure to stimuli that were below the threshold of visibility and that
ere irrelevant to the central task [24]. These findings as well

s ours described here show that perceptual learning can take
lace not only under training conditions, but also in situations of
nattended and passive sensory stimulation. However, the stim-
lation protocol was suprathreshold, raising the possibility that
ubjects were unable to avoid attending to the stimulation. Fur-
her, stimulation that effectively controls the timing of applied
timuli, as it is the case in peripheral tactile stimulation, might
hort cut the role of attention by producing the same conditions
s attention, such as synchronous firing or increased probability
f firing in specific temporal order among groups of neurons
5,22].

For learning to occur, stimulus-related responses that are
nder normal conditions insufficient to drive changes must sur-
ass a so-called learning threshold. Attention and reinforcement
ave been proposed to enhance stimulus driven responses. In
ddition, the optimization of sensory inputs by synchronization
r multisensory stimulation, or magnetic/electrical stimulation,
an serve to enhance input signals and by doing so support
earning [21]. These mechanisms are most likely mediated by
euromodulatory processes. For example, cholinergic inputs are
hought to be the source of the top-down signals that serve to
harpen or enhance specific bottom-up inputs [18].

The key role of cholinergic activation in mediating percep-
ual improvement was confirmed in the current study. First, the
ction of the cholinergic antagonist scopolamine on mechanisms
f synaptic plasticity and cortical representations provides one
ossible explanation for the blockage of non-associative tactile
earning. In line with the reports of Juliano et al. [9] we spec-
late that scopolamine not only blocked the typically observed
nlargement of the cortical representation of the stimulated fin-
er, but even impaired tactile acuity by decreasing the cortical
ap size. Secondly, the cholinergic system is thought to pro-

ide the neural substrate in cognitive functions such as arousal
nd attention. By interfering with attentive mechanisms, scopo-
amine might also have blocked or even reversed the impact of
eripheral tactile stimulation.

cknowledgement

This work was supported by the International Graduate
chool of Neuroscience (IGSN).

eferences

[1] J.M. Conner, A. Culberson, C. Packowski, A.A. Chiba, M.H. Tuszynski,
Lesions of the Basal forebrain cholinergic system impair task acquisition
Please cite this article in press as: B. Bliem, et al., Cholinergic gating of im
Neurosci. Lett. (2008), doi:10.1016/j.neulet.2008.01.040

and abolish cortical plasticity associated with motor skill learning, Neuron
38 (2003) 819–829.

[2] H.R. Dinse, P. Ragert, B. Pleger, P. Schwenkreis, M. Tegenthoff, Phar-
macological modulation of perceptual learning and associated cortical
reorganization, Science 301 (2003) 91–94.

[

[

 PRESS
etters xxx (2008) xxx–xxx

[3] R.W. Dykes, Mechanisms controlling neuronal plasticity in somatosensory
cortex, Can. J. Physiol. Pharmacol. 75 (1997) 535–545.

[4] B.J. Everitt, T.W. Robbins, Central cholinergic systems and cognition,
Annu. Rev. Psychol. 48 (1997) 649–684.

[5] P. Fries, J.H. Reynolds, A.E. Rorie, R. Desimone, Modulation of oscillatory
neuronal synchronization by selective visual attention, Science 291 (2001)
1560–1563.

[6] B. Godde, F. Spengler, H.R. Dinse, Associative pairing of tactile stimu-
lation induces somatosensory cortical reorganization in rats and humans,
Neuroreport 8 (1996) 281–285.

[7] B. Godde, B. Stauffenberg, F. Spengler, H.R. Dinse, Tactile coactivation-
induced changes in spatial discrimination performance, J. Neurosci. 20
(2000) 1597–1604.

[8] D. Hebb, Organ. Behav. (1949).
[9] S. Juliano, W. Ma, D. Eslin, Cholinergic depletion prevents expansion

of topographic maps in somatosensory cortex, PNAS 88 (1991) 780–
784.

10] M.P. Kilgard, M.M. Merzenich, Cortical map reorganization enabled by
nucleus basalis activity, Science 279 (1998) 1714–1718.

11] M. Maalouf, A.A. Miasnikov, R.W. Dykes, Blockade of cholinergic
receptors in rat barrel cortex prevents long-term changes in the evoked
potential during sensory preconditioning, J. Neurophysiol. 80 (1998) 529–
545.

12] Z. Nachum, B. Shahal, A. Shupak, O. Spitzer, A. Gonen, I. Beiran, H.
Lavon, M. Eynan, S. Dachir, A. Levy, Scopolamine bioavailability in com-
bined oral and transdermal delivery, J. Pharmacol. Exp. Ther. 296 (2001)
121–123.

13] B. Pleger, H.R. Dinse, P. Ragert, P. Schwenkreis, J.P. Malin, M. Tegenthoff,
Shifts in cortical representations predict human discrimination improve-
ment, Proc. Natl. Acad. Sci. U.S.A. 98 (2001) 12255–12260.

14] B. Pleger, A.F. Foerster, P. Ragert, H.R. Dinse, P. Schwenkreis, J.P. Malin,
V. Nicolas, M. Tegenthoff, Functional imaging of perceptual learning in
human primary and secondary somatosensory cortex, Neuron 40 (2003)
643–653.

15] P. Ragert, A. Schmidt, E. Altenmuller, H.R. Dinse, Superior tactile perfor-
mance and learning in professional pianists: evidence for meta-plasticity
in musicians, Eur. J. Neurosci. 19 (2004) 473–478.

16] D.D. Rasmusson, The role of acetylcholine in cortical synaptic plasticity,
Behav. Brain Res. 115 (2000) 205–218.

17] M. Sarter, J.P. Bruno, Cognitive functions of cortical acetylcholine: toward
a unifying hypothesis, Brain Res. Brain Res. Rev. 23 (1997) 28–46.

18] M. Sarter, B. Givens, J.P. Bruno, The cognitive neuroscience of sustained
attention: where top-down meets bottom-up, Brain Res. Brain Res. Rev. 35
(2001) 146–160.

19] L. Sawaki, B. Boroojerdi, A. Kaelin-Lang, A.H. Burstein, C.M. Butefisch,
L. Kopylev, B. Davis, L.G. Cohen, Cholinergic influences on use-dependent
plasticity, J. Neurophysiol. 87 (2002) 166–171.

20] M. Segal, J.M. Auerbach, Muscarinic receptors involved in hippocampal
plasticity, Life Sci. 60 (1997) 1085–1091.

21] A.R. Seitz, H.R. Dinse, A common framework for perceptual learning,
Curr. Opin. Neurobiol. 17 (2007) 148–153.

22] P.N. Steinmetz, A. Roy, P.J. Fitzgerald, S.S. Hsiao, K.O. Johnson, E. Niebur,
Attention modulates synchronized neuronal firing in primate somatosen-
sory cortex, Nature 404 (2000) 187–190.

23] C.M. Thiel, K.J. Friston, R.J. Dolan, Cholinergic modulation of experience-
dependent plasticity in human auditory cortex, Neuron 35 (2002) 567–574.

24] T. Watanabe, J.E. Nanez, Y. Sasaki, Perceptual learning without perception,
Nature 413 (2001) 844–848.

25] H.H. Webster, U.K. Hanisch, R.W. Dykes, D. Biesold, Basal forebrain
lesions with or without reserpine injection inhibit cortical reorganization in
rat hindpaw primary somatosensory cortex following sciatic nerve section,
provement of tactile acuity induced by peripheral tactile stimulation,

26] N.M. Weinberger, Physiological memory in primary auditory cortex: char-
acteristics and mechanisms, Neurobiol. Learn. Mem. 70 (1998) 226–251.

27] T.D. Wickens, Elementary Signal Detection Theory, Oxford University
Press, 2002.

dx.doi.org/10.1016/j.neulet.2008.01.040

	Cholinergic gating of improvement of tactile acuity induced by peripheral tactile stimulation
	Acknowledgement
	References


